Objective: Features of cerebral autosomal dominant arteriopathy with subcortical infarct and leukoencephalopathy (CADASIL) caused by NOTCH3 mutations vary between ethnicities and regions. In Taiwan, more than 70% of CADASIL patients carry the mutation hot spot of p.R544C. We investigated the prevalence of NOTCH3 p.R544C mutation in stroke patients in Taiwan. Methods: This prospective, multicenter study recruited acute stroke patients within 10 days of symptom onset. The p.R544C mutation was identified by polymerase chain reaction with confronting two-pair primers and sequencing. Clinical parameters, vascular risk factors, stroke subtypes, and stroke outcomes were analyzed. Results: Of the 1970 stroke patients (mean age 61.1 AE 13.6 years, male 69.5%) included, 1705 (86.5%) had ischemic stroke and 265 (13.5%) had intracerebral hemorrhage. The prevalence of p.R544C in the study population was 2.8% (95% confidence interval [CI] = 2.1-3.5%). The prevalence was highest in patients with small vessel occlusion type of ischemic stroke (5.6%), followed by intracerebral hemorrhage (5.3%), and infarct of undetermined etiology (2.7%), and was low in patients with cardioembolism (0.8%) and large artery atherosclerosis (0.7%). All p.R544C patients with intracerebral hemorrhage were nonlobar hemorrhage. Sibling history of stroke (odds ratio [OR] = 4.50, 95% CI = 1.67-12.14 in ischemic stroke; OR = 6.03, 95% CI = 1.03-35.47 in intracerebral hemorrhage, respectively) and small vessel occlusion (OR, 4.03, 95% CI, 1.26-12.92) were significantly associated with p.R544C. Interpretation: p.R544C NOTCH3 mutation is underdiagnosed in stroke patients in Taiwan, especially in those with small vessel occlusion and sibling history of stroke.
Introduction
Cerebral autosomal dominant arteriopathy with subcortical infarct and leukoencephalopathy (CADASIL) is an autosomal dominant inherited vasculopathy and the most common single-gene disorder causing stroke. [1] [2] [3] The defective, 33-exon NOTCH3 gene is located on chromosome 19. 4 NOTCH3 mutations typically affect the number of highly conserved cysteine residues within the epidermal growth factor-like repeat domain. 1 Reports of more than 200 different NOTCH3 mutations in patients all over the world suggest that CADASIL has considerable genetic heterogeneity. [5] [6] [7] The first case of CADASIL in Taiwan was reported in 2004. 8 Over the past few years, the number of cases in Taiwan has increased owing to raised clinical awareness of the disease and advancements in molecular genetic testing. 9 In 2015, Liao et al. reported that p.R544C in exon 11 was the most common mutation, accounting for 70.5% of the pedigrees of 112 patients with CADASIL belonging to 95 families of Chinese descent in Taiwan. 10 This finding may indicate a specific genetic hot spot for mutations related to CADASIL in Taiwan.
It has been suggested that the prevalence of CADASIL is underestimated, especially in Asia. 1, 7 However, the results of recent epidemiological studies investigating the prevalence of NOTCH3 mutations in stroke patients have varied. [11] [12] [13] [14] Since p.R544C in exon 11 accounts for more than 70% of NOTCH3 mutations in Taiwan, we aim to investigate the prevalence of p.R544C in a cohort of patients with ischemic stroke (IS) or intracerebral hemorrhage (ICH) from a multicenter registry in Taiwan, and compare their epidemiological features with those without the mutation.
Materials and Methods

Study design and population
The study was conducted by the Formosa Stroke Genetics Consortium (FSGC), a group of six medical centers (National Taiwan University Hospital, Shin Kong Wu Ho-Su Memorial Hospital, National Cheng Kung University Hospital, Taipei Veteran General Hospital, Chi-Mei Medical Center, and Tri-Service General Hospital), and three local hospitals (Taipei Medical University Hospital, Shuang Ho Hospital, and National Taiwan University Hospital, Yun-Lin Branch) dedicated to studying the molecular biology of cerebrovascular diseases. 15 An expert panel of stroke neurologists and epidemiologists developed a standard FSGC operation manual and protocol for biological sample collection. 15 The study was approved by the ethics committees of the participating hospitals. Informed consent was obtained from all participants and/or their relatives.
Stroke patients were recruited if the subject presented within 10 days of symptom onset and received examination including computed tomography and/or magnetic resonance imaging for this index event. The criteria used for stroke diagnosis have been previously detailed. 16 IS was further classified according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria. 17 Hypertension-related ICH was defined as hemorrhage occurring in deep structures such as basal ganglia, thalamus, brainstem and cerebellum, with hypertension as indicated by a history of hypertension or sustained systolic blood pressure readings averaging >140 mmHg or of diastolic blood pressure averaging >90 mmHg after hospital admission. 16 Patients with traumatic ICH, ICH colocalized with tumor, and primary subdural/epidural/subarachnoid hemorrhage were excluded. 18 Each patient's vascular risk factors (hypertension, diabetes mellitus, hyperlipidemia, heart disease, smoking habit), previous history of stroke or transient ischemic attack (TIA), and family history of first-degree relatives (biological parents and siblings) ever had a stroke and vascular risk factors were collected. Modified Rankin Scale (mRS) was used to determine outcome at 1 month and 3 months after the stroke. Favorable outcome was defined as mRS score of ≦1.
16
Data collection
Data were collected from participating hospitals. 15 Each patient's information including the background information, vascular risk factors, related past histories, family history, and post stroke outcome was collected by study nurses, research assistants, and stroke neurologists on preadmission, admission, discharge, and at 1 and 3 months follow-up. Investigators were certified to perform National Institutes of Health Stroke Scale (NIHSS) and mRS scoring. The study nurses received a standard training for the mRS scoring, data collection, and data entry through a web-based database system. 15 The data were abstracted from medical charts or self-reported during interviews conducted by trained research assistants and study nurses. For patients with head MRI examination, white matter was divided into periventricular white matter (PVWM) and deep white matter (DWM), and the abnormally high signals on T2 or fluid-attenuated inversion recovery (FLAIR) images were semiquantified and scored by using the Fazekas scale.
Genotyping
Genomic DNA was extracted using a nonorganic method and then stored at À80°C until use. 15 The NOTCH3 mutation p.R544C was genotyped by PCR-CTPP (polymerase chain reaction with confronting two-pair primers). DNA was amplified with the primers: 5 0 GTGGGGTGGAGTGGAAGTAAGTGG (F1) and 5 0 GAG-CAGTCGTCCACGTTGCA (R1) for the C allele, and 5 0 TTGAGGGCACGCTGTGTGATC (F2) and 5 0 ACTA-GATGCACCATTCCCAAACCC (R2) for the T allele. The PCR amplification was performed for 35 cycles (denaturation at 95°C for 30 sec, annealing at 62°C for 30 sec, extension at 72°C for 30 sec, and final extension at 72°C for 10 min). PCR products of 479 and 216 bp for the TT genotype, 479, 303, and 216 bp for the TC genotype, 479 and 303 bp for the CC genotype were visualized on 2% agarose gel stained with ethidium bromide. The genotype identified by PCR-CTPP analysis was confirmed by DNA sequencing analysis, and these analyses were completely concordant. To assure data quality, we sequenced 5% of samples using the ABI 3100 DNA sequencer (Applied Biosystems). The genotype concordance rate between duplicate samples was 100%.
Statistical analyses
Student's t-test was used to compare continuous variables between p.R544C (+) patients and p.R544C (À) patients. The chi-square test was used for analysis of categorical variables. Multivariate logistic regression was used to estimate the odds ratios (ORs) and 95% confidence intervals (CIs) after adjustment for potential confounders. All statistical analyses were performed with IBM SPSS statistical software (version 23.0, IBM SPSS Inc., USA). A two-tailed P value <0.05 was considered statistically significant.
Results
By the end of September 2016, 1970 patients were included for this study. 1705 presented as IS (86.5%) and 265 as ICH (13.5%). The mean age was 61.1 AE 13.6 years, and 1370 (69.5%) were men. According to TOAST criteria, there were 580 (34.0%) large artery atherosclerosis (LAA), 496 (29.1%) small vessel occlusion (SVO), 247 (14.5%) cardioembolism, 121 (7.1%) other specific etiologies, and 261 (15.3%) undetermined etiologies in IS patients.
In our cohort, the prevalence of p.R544C mutation [(p.R544C (+)] was 2.8% (95% confidence intervals [CI] = 2.1-3.5%), being identified in 55 patients (mean age of 59.2 AE 11.1 years, male 63.6%). Of them, 41 patients (74.5%) were diagnosed with IS and 14 (25.5%) with ICH. Figure 1A shows the age distributions of patients with p.R544C (À) and p.R544C (+) respectively. Figure 1B shows the distribution of p.R544C (+) among patients with different stroke subtypes. Specifically, p.R544C (+) was most prevalent in patients with SVO (n = 28, 5.6%. 95% CI = 3.6-7.7%) followed by ICH (n = 14, 5.3%, 95% CI = 2.6-8.0%), infarct of undetermined etiology n = 7, 2.7%, 95% CI = 0.7-4.6%), cardioembolism (n = 2, 0.8%, 95% CI = 0-1.9%), and LAA (n = 4, 0.7%, 95% CI = 0-1.4%). Figure 2 provides the two demographic cases of LAA and ICH subtype stroke with p.R544C (+).
Characteristics of IS patients with and without p.R544C mutation Table 1 lists the characteristics of IS patients with p.R544C (+) and p.R544C (À). Compared to those with p.R544C (À) (n = 1664), patients with p.R544C (+) (n = 41) had significantly lower NIHSS score on admission, shorter length of stay, higher prevalence of medical history of TIA, different distribution of stroke subtypes, and higher prevalence of sibling history of stroke (all P < 0.05). Multivariable analysis identified SVO subtype (OR = 4.03, 95% CI = 1.26-12.92, P = 0.019) and sibling history of stroke (OR = 4.50, 95% CI = 1.67-12.14, P = 0.003) as independent factors associated with p.R544C (+) ( Table 2) .
Regarding the stroke locations of IS patients with p.R544C (+) and having MRI examination (n = 34), there were 20 cases in supratentorial white matter (58.8%), three in basal ganglia or thalamus (8.8%), seven in brainstem or cerebellum (20.5%), one in cortex (2.9%), and three in multiple regions (8.8%). Furthermore, MRI examination in IS patients with p.R544C (+) demonstrated 100% of significant white matter change (mean Fazekas Scale ≥2), 23.5% of anterior temporal area involvement and 73.5% of external capsule involvement.
Characteristics of ICH patients with and without p.R544C mutation Table 3 lists the characteristics of ICH patients with p.R544C (+) (n = 14) and p.R544C (À) (n = 251). Hypertension is the most common risk factor in both p.R544C (+) and p.R544C (À) patients with ICH (89.6% and 85.7% respectively). All p.R544C (+) patients with ICH were nonlobar hemorrhage including seven cases in basal ganglia (50%), four in thalamus (29%), one in subcoartical area (7%), and two in infratentorial area (14%). Compared to those with p.R544C (À), patients with p.R544C (+) had higher prevalence of medical history of TIA (P = 0.027) and sibling history of stroke (P = 0.048). Multivariable analysis confirmed that sibling history of stroke was independently associated with p.R544C (+) in ICH patients (OR = 6.03, 95% CI = 1.03-35.47, P = 0.047) ( Table 4) .
Discussion
The clinical symptoms of CADASIL were first described in 1990 and the corresponding NOTCH3 gene was discovered in 1996. 4 Since then, not only the genetic heterogeneity of CADASIL, but also wide variability in its clinical symptoms, age of onset, and disease progression have been found. 19, 20 Manifestations such as late onset, more benign clinical course, and even asymptomatic white matter change on neuroimaging have also increasingly been recognized. 6, 7, 21 Previous studies suggested that there might be genotype-phenotype correlations of NOTCH3 mutations in patients with CADASIL. 4, 7, 19, 21 Some mutations are associated with a less severe phenotype than others. 7 For example, CADASIL patients with p.R544C mutation in exon 11 versus CADASIL patients with other mutations in exon 3 or 4 have rarer occurrence of migraine, older Demographic cases with p.R544C mutation for stroke patients with large artery atherosclerosis and ICH. Case A is a 67 year-old man with hypertension, hyperlipidemia, diabetes mellitus, chronic kidney disease, multiple myeloma, and old stroke. He had acute diplopia and left limb weakness. Head MRI showed acute bilateral paramedian pontine infarcts, more on the right side on diffusion weighted imaging (arrow) (A) and focal stenosis in middle segment of basilar artery (arrow) (B). FLAIR showed severe diffuse white matter change (C) and high signal intensity in bilateral external capsules (D). Case B is a 62-year-old woman with hypertension and diabetes mellitus. She had acute right thalamic hemorrhage (E) in June, 2014. Five months later, she had another episode of ICH in the left thalamus (F). Head MRI showed acute hematoma in the left thalamus (G) and diffuse white matter change in bilateral subcortical and periventricular areas (G and H). age of onset, and less frequent involvement of the anterior temporal area. 4, 9, 21 Possible mechanisms underlying the vascular pathology and clinical symptoms stemming from different NOTCH3 mutations have been discussed. 4, 7, 9 Because CADASIL is clinically and genetically heterogeneous, the incidence and prevalence of CADASIL are difficult to be investigated and the reported data are limited and underestimated. 4, 7, 12, 22 Using patients with genetically (exons 3, 4, 5, and 6) or histologically confirmed CADASIL and their pedigree members at risk of carrying the gene, and registered in two adjacent health administrative areas of west Scotland (Greater Glasgow and Lanarkshire), 22 Razvi et al. in 2005 found a probable mutation prevalence of 4.14 per 100,000 adults. In 2012, Narayan et al., using a similar method in northeast England, estimated a probable prevalence of 2.32 per 100,000 adults. 23 In 2014, Moreton et al. used the same method to re-evaluate the prevalence of CADA-SIL in west Scotland and found that the estimated prevalence had increased to 10.7 per 100,000 adults 12 and the median age at first stroke was much higher than the 2005 estimate. More than 30% of CADASIL patients were even living independently in old age. 12 The prevalence of CADASIL in stroke patients is controversial, varying between 0% and 4% according to previous studies.
11,12,24,25 Chong et al. observed NOTCH3 mutations in 6 of 1251 (0.48%) sporadic stroke patients with small vessel pathology (637 with ICH and 614 with SVO. 11 These six cases included three with ICH (0.47%) and three with SVO (0.49%). By contrast, Choi et al. noted a much higher prevalence (six patients, 4.0%) of NOTCH3 gene mutation (all p.R544C) in 151 consecutive IS patients screened in Korea in 2013.
14 Whether this discrepancy is related to phenotypic and genotypic variations in CADASIL is uncertain because of the small number of cases. Nevertheless, all the related studies including ours, pointed out the key feature of significant leukoaraiosis in stroke patients with NOTCH3 mutations. Therefore, the prevalence of NOTCH3 mutations among stroke patients with significant leukoaraiosis would be expected to be higher. Recently, Rutten et al. investigated the frequency of distinctive EGFr cysteine altering NOTCH3 mutations in the 60,706 exomes of the exome aggregation consortium (ExAC) database and identified 206 EGFr cysteine altering NOTCH3 mutations, with an estimated prevalence of 3.4/1000. Importantly, the result was much higher than previous estimates of CADASIL prevalence. Our study makes several valuable points. Most importantly, our data suggest that the p.R544C NOTCH3 mutation is underdiagnosed in stroke patients in Taiwan. It was found in more than 2% of IS patients (especially those with SVO subtype) and 5% of ICH patients (especially those with nonlobar ICH). In our registry, most IS and ICH patients with p.R544C (+) had been classified clinically as small vessel occlusion (68.3%) and hypertension-related ICH (77.6%). Our study provided clinical evidence for the predominant small vessel phenotype in CADASIL patients with acute stroke.
The reports of ICH in CADASIL patients has been increased recently, especially in Asians. 6, 26 History of ICH was found in 16.2% of 112 CADASIL patients in a study by Liao et al. in Taiwan. 9 Cerebral microbleeds detected on head MRI and occurrence of ICH were found in 66% and 17%, respectively, of 94 genetically confirmed CADA-SIL cases in a study by Lee et identified p.R544C as the predominant NOTCH3 mutation. These results suggested that the incidence of ICH in CADASIL patients seems to be underestimated.
Second, our study indicated a possible contributing role of conventional vascular risk factors in CADASIL patients with stroke. 28 Stroke patients with p.R544C (À) and stroke patients with p.R544C (+) had similar prevalence of hypertension, hyperlipidemia, diabetes mellitus, and smoking habit, etc. Especially in ICH patients with p.R544C (+), more than 80% had a history of hypertension. One recent large case series and cohort study also demonstrated the importance of systolic blood pressure in long-term functional independence in CADASIL patients. 29 As NOTCH3 mutations is currently untreatable, adequate control of conventional vascular risk factors in CADASIL patients or asymptomatic gene carriers should be emphasized, and the prophylactic effect of aggressive control of vascular risk factors on acute stroke in CADASIL patients should be studied. On the other hand, the existence of conventional vascular risk factors may prevent clinicians to suspect the possibility of NOTCH3 mutations in acute stroke patients, especially for those with underlying atrial fibrillation or large artery atherosclerosis. Our data suggested that genetic testing for NOTCH3 mutations may still be considered in IS patients with small infarct and significant leukoaraiosis, even though another risk factor as a cardioembolic source or LAA are present.
Third, our study found that sibling history of stroke rather than parental history of stroke is the independent identifier of both IS and ICH in patients with p.R544C (+). CADASIL is an autosomal dominant inherited disorder with high penetration and varying expression. Therefore, CADASIL is typically characterized by repeated episodes of stroke and a strong family history. 5, 6, 30 However, tracing a family's history of stroke can be difficult 
Limitations
There are some limitations. First, to screen such a large number of stroke patients, we only screened the hot spot of p.R544C since more than 70% of NOTCH3 mutations in Taiwan are attributed to p.R544C. Because of the genetic heterogeneity of CADASIL, our findings may not be applied to other NOTCH3 mutation sites or other populations. In addition, the prevalence of CADASIL in stroke patients might have been even higher in Taiwan if we had screened all of the exons of the NOTCH3 gene, though the study expenses would have been a lot more. Second, we did not have the detailed information on how the conventional vascular risk factors were controlled, such as levels and variations in blood pressure or specific medications. Third, our study included stroke patients only. Those carrying p.R544C who were asymptomatic or had other manifestations such as headache, cognitive impairment, psychiatric disorder, or parkinsonism were not included. Therefore, there may have been some crucial determinants of stroke occurrence that we did not identify, such as specific vascular risk factors or control status, or medications. Fourth, the fact of having IS patients younger compared with previously reported large scale epidemiological study 16 could cause a selection bias. Fifth, this study only analyzed clinical information but not detailed imaging data. Further study will be performed to address the value of imaging characteristics to distinguish stroke patients with p.R544C mutation from those without p.R544C mutation. Nevertheless, our epidemiological and clinical data suggest that NOTCH3 mutation may have been overlooked previously as a contributing factor in stroke, especially in patients with small vessel pathology including small vessel occlusion and deep ICH in certain geographic areas or populations. Further studies with larger sample size and more comprehensive investigations of the pathophysiological and long-term prognosis would be encouraged for this important issue.
In conclusion, our study suggests that p.R544C NOTCH3 mutation is underdiagnosed in stroke patients in Taiwan, especially in those with SVO and having a sibling history of stroke. Investigations of the pathophysiological and prognostic roles of p.R544C NOTCH3 mutation in stroke are required.
